Increased occupancy rates, inappropriate ventilation and intermittent heating regimes in dwellings can result in excessive atmospheric moisture levels, potentially leading to mould growth and lower indoor air quality. Identifying the causes associated to mould growth and taking correct remedial actions can be essential in reducing the prevalence of this problem. In practice it is often complex, even for experts, to accurately identify some of these causes and this can lead to costly and unnecessary interventions. Towards development of a novel systematic diagnostic procedure an extensive monitoring exercise has been undertaken involving collection of environmental data from dwellings with and without mould issues. The data has been analysed, considering building characteristics and occupancy's lifestyle features, with the objective to identify thresholds on measurable parameters that are indicative of mould growth risks. The proposed methodology links key parameters to identify factors that contribute to surface condensation and mould growth in buildings. This research presents a process towards environmental data collection, post-processing to compute and interpret pertinent environmental parameters, and displaying them in a clear and easy-to-interpret manner.
Introduction
High levels of indoor atmospheric moisture can lead to surface condensation and mould growth. Dampness and mould issues have been reported to affect between 15 and 30 % of European homes [1, 2] . In the UK, mould growth has been associated with low indoor temperatures, high indoor humidity, and high occupancy density, with mould issues increasing in frequency over the last decades [3, 4] . The combination of poor ventilation, irregular heating, poor thermal properties of external walls and high moisture generation (by breathing, showers, washing, cooking and drying clothes indoors, etc) have been shown to increase the risk of moisture-related problems including mould, condensation and dust mites. High levels of indoor moisture and dampness may give favourable conditions to microbial growth that can be harmful to occupant health [5, 6] . The interest for healthier and moisture-balanced indoor environments has sparked an increased demand of finding effective methods to avoid inaccurate and expensive interventions or solving disrepair claim conflicts [7, 8] . Identification of a robust diagnostic method based on scientific principles could support the interests of occupants, tenants, private or social homeowners (i.e. City Council, Housing Associations), insurance companies, surveyors or expert witnesses. Identifying ways to avoid moisture problems and mould growth in buildings has been the subject of many research studies. Still, in existing literature, measured data from real buildings in service are rather scarce [9] . Even though the need of developing accurate standardized protocols for assessing moisture problems in dwellings has been stated [10] , an integrated methodology is still lacking.
The purpose of this study is to generate new insights and to propose a new methodology for easily determining the causes of mould growth. Dwellings with and without mould issues were environmentally monitored and key building characteristics and occupant lifestyle features collected IAQVEC IOP Conf. Series: Materials Science and Engineering 609 (2019) 042025 IOP Publishing doi:10.1088/1757-899X/609/4/042025 2 and analysed. A moisture impact indicator is also proposed as a means of measuring the impact of key environmental parameters and supporting the identification of the most likely causes of mould growth.
Methodology

Selection of environmental parameters and critical thresholds as diagnosis indicators
The point of departure for this research was an extensive literature review of scientific publications, standards and regulatory guidance, to identify key environmental parameters and the corresponding critical thresholds proposed for the control and avoidance of surface condensation and mould growth in dwellings. Different critical thresholds, values or ranges were identified and then assessed through an environmental monitoring exercise in dwellings with and without mould issues (Table 1 ). 
Data collection 2.2.1. Monitoring of indoor and outdoor environmental conditions
Fifty properties, including flats, bungalows, semi-detached, detached and terraced houses from different UK regions, were monitored during two consecutive heating seasons (i.e. two winters). The selection of buildings was based on the availability for taking measurements by surveyors (Property Care Association (PCA) members), UCL and PCA staff. Rooms (including bedrooms, living rooms, bathroom and kitchens) from dwellings affected with mould issues were monitored. External (e) and internal (i) air temperature (T), (Teair and Tiair), relative humidity (RH), and internal surface temperature (Tisurface) were recorded every 30 min. for 2 and 4 weeks by means of RH and T environmental sensors (Lascar EL-USB-2). Internal sensors were placed at mid height, away from indoor external walls, air currents, heating sources and sun rays. Indoor surface temperatures were measured (using Lascar EL-USB-TC-T-type sensors) in wall surfaces largely affected by mould. For dwellings without visible mould, the sensor was placed in high-risk rooms and surfaces (i.e. high occupancy rooms close to high water vapour production rooms, e.g. bedrooms). The collected data was then used for the calculations of parameters such as temperature factor, fRsi = (Tisurface-Teair) / (Tiair-Teair), water activity, aw= Partial water vapour pressure (Pv) / Saturation vapour pressure (Pvsat) = RH (surface)/100 %, and vapour pressure excess, VPE= differential vapour pressure (internal-external). The results were standardized for external reference conditions of 5ºC temperature and 80 % RH [13] .
Social survey
An extensive survey was carried for each monitored dwelling. Information collected included: (i) history on the number and type of rooms affected by surface condensation and /or mould and location of these issues; (ii) Floor plans; (iii) information about building characteristics (e.g. age, typology, dwelling's size, orientation, building materials, type of walls and floors), glazing and provision of ventilation (e.g. trickle vents, doors under-cut, extraction fans, location, etc.) and heating system types. In addition, occupants were surveyed to capture lifestyle aspects regarding household activities and behaviours related to moisture generation (e.g. type of washing and drying cloths, presence and type of pets, etc.), occupancy density and home schedules. Ventilation and heating performance by the occupants were also inquired (e.g. frequency, way and location of forced and natural ventilation, opening windows and doors). Key characteristics were identified by investigating properties with and without mould problems. These were used to support the development and validation of the moisture impact indicator. 
Moisture Impact Indicator
The various environmental parameters were processed, assessed and finally used to create a moisture impact indicator. This measures the impact of key parameters and helps in the identification of the most likely causes of mould growth reported in the studied properties. The indicator reports on the causes associated with mould growth in relation to the thermal quality of the building envelope, the ventilation and heating regimes, and the influence of people behaviour.
The impact indicator is based on the ratios calculated for each parameter analysed using the data monitored in the dwellings. These ratios refer to:
• The relationship between the values monitored and those that exceed the thresholds defined for each parameter.
• Weighted values that establish the severity and likelihood of the event. These consider the previously calculated ratios and place them in a scale that goes from high to medium and low.
Results and discussion
Environmental Monitoring data
The data obtained from the monitoring exercise shows distinct differences between dwellings with and without mould. Most of the environmental parameters recorded and calculated ( Table 2 ) are closer or exceeding the values consider as critical in standards and guidance. The data obtained was used as a reference for the moisture impact indicator identified to help in the diagnosis of mould growth. Table 2 and Figure 1 show that water activity (aw) values between 0.7 and 1.0 occur in rooms with mould, whereas dwellings without mould have all aw values below 0.7. Values above 0.7 at a wall surface are appropriate for the development of most mould species [2, 18] . In addition, dwellings with mould have fRsi values between 0.4 and 0.8, whereas in dwellings without mould, these values range between 0.6 and 1.0. The thermal quality of each building envelope element can be characterised by the temperature factor (fRsi) at the internal surface; values of 0.75 and higher are generally suggested for the avoidance of mould growth in UK dwellings [16] . Other parameters could reflect issues with the ventilation and heating regimes of a dwelling, such as VPE and indoor T and RH. Most dwellings with mould have VPE values above 0.6 kPa, whereas in non-mouldy dwellings these values are mostly below 0.6 kPa. An indoor environment is considered high in moisture when the VPE is > 0.6 kPa [13, 14] . RH values range between 35 and 71 % in dwellings without mould. The values are higher, between 54 and 82 %, in dwellings with mould. Air moisture content (AMC) is also higher in mouldy dwellings. However, there are not large differences on indoor temperatures. Values presented are average for the different environmental parameters
Occupants' lifestyle and relation to building features
By investigating properties with and without surface condensation and mould problems, insights emerged on the influence of building characteristics and occupants' lifestyle as contributing factors to moisture excess problems (Table 3) . These include features and materials of the dwellings, ventilation and heating regimes and people behaviour [19, 20] . Some key distinctive and common characteristics have been found between dwellings with and without mould. Distinctive features of mouldy-dwellings mostly relate to the dwelling size (smaller), room type (e.g. bedrooms), orientation (e.g. North facing), and schedules (occupants being most of the day at home). The type of walls seems to be also a condition related to surface condensation and mould growth due to lower surface temperatures [14, 16] . It was observed, that most solid wall dwellings had mould issues. Regarding ventilation patterns, occupants of non-mouldy dwellings allow better air circulation, hence avoiding high concentration of moisture in specific rooms (e.g. internal doors are kept open most of the time). One interesting observation was that mould issues were more prevalent in dwellings with pets. Occupants reported tending to keep doors closed to restrict pet (mostly dogs) movement, whilst at the same time reducing airflow. Most dwellings had intermittent ventilation systems (extraction fans) installed in bathrooms and kitchens. However, in many mouldy dwellings such type of forced ventilation was absent or not functional, which may have resulted in inadequate removal of excess moisture, as it has previously been reported by other authors [10] .
Moisture impact indicator assigned to dwellings
After performing the analysis of the environmental monitoring data, a moisture impact indicator was derived to aggregate the impact of key environmental parameters of each dwelling (Figure 2) . A category of high (H), medium (M) or low (L) was given to the obtained values according to the threshold considered in Table 1 and data from Table 2 . 
Conclusions
The following conclusions can be drawn from the study carried out and briefly summarised below:
• Ideally a dwelling in balance should have lower aw, RH and VPE and higher T and fRsi values.
• The cause of mould growth may not be the result of just one parameter prompting the problem but a causal association between the different parameters. Mould growth could be an indication of an unbalanced dwelling, where a combination of parameters might be responsible for it. • The higher the number of environmental parameters above or below certain thresholds could be indicative of an unbalanced house, therefore the higher the likelihood of mould development, being aw or VPE the most critical parameters. Values related to the thermal quality of the envelope (fRsi) can be less important if the other environmental parameters, related to surface moisture (aw) and air exchange (VPE), do not exceed their corresponding stablished thresholds. • The lower the thermal quality of the dwelling's envelope (high aw and low fRsi values) and/or an inadequate forced or natural ventilation (high VPE values), the higher the likelihood of developing mould growth by an excess of moisture production. • Inadequate ventilation has been found the main cause leading to mould growth in most of the studied dwellings. This is reflected by an excess of VPE, that in many cases is also combined by a poor quality of the dwelling envelope, reflected by a high aw and low fRsi. • Building characteristics such as size, room type, orientation, type of walls and occupancy behaviour and ventilation patterns (e.g. home schedules, closing or opening internal doors) supported the diagnosis. • The proposed methodology based on data collection, post-processing by linking key surface and air environmental parameters together with critical thresholds and the interpretation of pertinent environmental parameters provides clear insights of the likely origin of mould growth. This study shows that using easily acquired environmental data taken from occupied buildings, the causes of moisture imbalance and mould growth can accurately being determined. Using knowledge of critical thresholds to evaluate the impact of key environmental parameters, the cause, likelihood, severity of imbalance can be precisely calculated and direct the most appropriate and effective rectification strategies.
